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INTRODUCTION 
Accompanying the requirements for higher quality welds in 
structural parts, there is a growing demand for more rapid and auto-
matic methods for their nondestructive inspection. Conventional 
X-ray methods are inherently slow and are difficult to automate. 
Furthermore, they often present a safety hazard that adds mass and 
bureaucracy to the application of the method. Ultrasonics, on the 
other hand, can be very rapid, is easily made automatic, and does 
not present any safety problems. Its main drawbacks are the require-
ment for a carefully aligned transducer, a plumbing system to supply 
liquid couplant, and an educated operator to maintain the alignment 
and coupling throughout the scan of the weld line. Since electro-
magnetic acoustic transducers (EMATs)l eliminate the need for a 
couplant fluid, they would appear to offer a major improvement for 
weld inspection technology. 
There are actually two approaches to using EMATs to inspect a 
welded joint between two plates. One uses low frequency, long wave 
len~th ultrasonic waves which illuminate the entire volume of the 
weld and take advantage of various useful approximations in the 
theory of ultrasonic wave scattering to deduce the size of the flaw 
that is giving rise to a reflection. This approach, improved by 
the use of SH (shear horizontal) waves, is bein~ investigated by 
C. M. Fortunko of the U.S. Bureau of Standards. The second ap-
proach is to use high frequency waves formed into a columna ted beam 
reflected into the weld region by the inner surface of one of the 
plates. This is the direct analog of the conventional ultrasonic 
inspection method in which a piezoelectric transducer is attached 
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to a plastic wedge and the sound is refracted into the material at 
the wedge-to-sample interface. 
The research presented in this paper was aimed at the second, 
angle beam approach in order to complement the Bureau of Standards 
effort and to demonstrate that EMATs could bring other advantages to 
the weld inspection problem than simply elimination of the couplant 
fluid. These advantages are: (1) UE· )f SH waves to allow fre-
quency scanning and to minimize mode conversion at the inner face 
reflection;3 (2) use of special EMAT designs~ to focus the sound 
into a small region of the weld and (3) use of pulsed electro-
magnets 5 to achieve high magnetic fields at the EMAT so that de-
ficiencies in transduction efficiency can be overcome. A schematic 
diagram showing how these advantages might be incorporated into an 
EMAT inspection system is shown in Fig. 1. 
GENERATION OF SH WAVES 
c. M. Fortunk02 has demonstrated the advantages of using SH 
waves for weld inspection and describes how they may be excited by 
EMATs formed by arrays of small permanent magnets on top of a simple 
coil of wire. Since it is the dimensions of the individual perma-
nent magnets that establishes the frequency of operation, these 
types of EMATs have a serious problem in operating at frequencies 
above about 1 MHz. In order to reach 2.25 MHz or even 5 MHz, as 
are usually used for weld inspection, it is necessary to use a 
different type of EMAT design. Since most welds are in steel where 
magnetostriction is present, there is a simple way of exciting SH 
waves as pointed out by R. B. Thompson. 6 This magnetostrictive 
method involves placing the magnetic field parallel to the wires 
carrying the RF current in the EMAT. If the EMAT coil is of the 
meander coil design with wires running parallel to each other at a 
spacing of D, then an SH wave can be launched into the bulk of the 
sample at an angle e to the surface normal. This angle is related 
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Fig. 1. Schematic diagram of an EMAT system for inspecting welds 
with focused, SH type ultrasonic waves introduced at an 
angle to the surface. 
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to the wire spacing and the drive frequency, f, through the relation 
sin-l e = V/2Df where V is the velocity of a shear acoustic wave in 
the medium. If the magnetic field is rotated 90 degrees to be per-
pendicular to the wires in the meander EMAT coil, a shear wave with 
a polarization component perpendicular to the surface is launched 
into the metal at the same angle e. This other polarization of 
shear waves is called an SV or shear vertical wave and is identical 
to the shear wave launched by piezoelectric transducers coupled to 
the part with plastic wedges. 
Since the two polarizations (SH and SV) are excited with or-
thogonal orientations of the magnetic field relative to the EMAT 
wires, they involve different magnetostrictive coupling coefficients 
and hence can be expected to exhibit quite different variations with 
the magnitude of the applied field. Fig. 2 shows how the amplitude 
of the SV and SH waves generated at e = 36 degrees depends upon the 
strength of the applied tangential magnetic field. A diagram of the 
experimental apparatus used to obtain these data is shown in the 
inset sketch in the lower right hand corner of the figure. Obviously 
the SV wave is much more efficiently excited but the application of 
large fields yields an SH wave of acceptable amplitude. These ob-
servations are in essential agreement with those obtained previously 
6 by R. B. Thompson. 
Clearly, it would be very advantageous to use SV waves for the 
weld inspection system because they are of large amplitude and can 
be generated with maximum efficiency when only a moderate magnetic 
field is applied. Unfortunately, this maximum in efficiency drops 
off if higher angles e are used and the mode conversion effects are 
at their worst for e near 36 degrees. Fig. 3 shows the results of 
an experiment to demonstrate the deleterious effect of mode con-
version. If a receiver transducer (R in Fig. 3) is scanned along 
the bottom surface of a plate as shown in the inset at the top of 
the figure, a very broad beam of SV waves is observed while only a 
narrow SH wave beam is seen. This phenomenon occurs because for 
e ~ 36 degrees the SV wave excites a longitudinal wave that skims 
along the lower surface of the plate, spreading acoustic energy over 
a long distance and reradiating an SV wave over a large volume of 
the plate. When used for weld inspection, the reflected SV wave 
fills the weld volume with ultrasonic energy causing a severe re-
duction both in sensitivity and spatial resolution. If the angle e 
is made more than 36 degrees, the excitation efficiency decreases 
dramatically even though the mode conversion process becomes less 
severe. For e > 450 the efficiency of exciting SH waves and SV 
waves are about equal so the best way to inspect a weld is to use 
SH waves even though a high tangential magnetic field is required. 
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Fig. 2. Magnetic field dependence of the SH and SV waves excited 
by a meander coil EMAT. For SV waves the field is per-
pendicular to the EMAT wires while for SH waves the field 
is parallel to the wires. 
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Fig. 3. Measurements of the apparent ultrasonic beam width for a 
meander coil exciting SH and SV waves in a plate of steel. 
PULSED ELECTROMAGNETS 
Fig. 2 shows that in order to generate SH waves efficiently, it 
is necessary to use large tangential magnetic fields. This implies 
the necessity for large and cumbersome dc electromagnets to be me-
chanically scanned over the long distances or curved surfaces found 
in practical welds. However, if the magnet configuration shown in 
Fig. 1 is considered under pulsed electromagnet current conditions, 
it is easy to show that eddy currents will be generated in the metal 
under the magnet in such a way as to keep the magnetic flux out of 
the metal interior and force it to concentrate in a thin layer of 
metal directly under the pulsed electromagnet. It is in exactly 
this region where EMAT excitation occurs so pulsed operation of the 
electromagnet should greatly enhance the efficiency for SH wave 
generation. 
In order to demonstrate that high tangential fields occur under 
electromagnets operating with pulsed drive currents, a geometrical 
configuration similar to that shown in Fig. 1 was assembled. In-
stead of directing the angle beam of sound into a weld, it was 
aimed at the corner of a thick, steel plate so that a large 
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reflection of ultrasonic energy would return to the EMAT when it was 
operated in a pulse-echo mode. The Hall probe of a fast response 
gaussmeter was inserted between the feet of the magnet, next to the 
EMAT coil, so that it could measure the time dependence of the mag-
netic field component tangential to the metal surface during the 
time when the electromagnet was being driven by a pulse of current. 
Since the ultrasonic pulse-echo measurement could be completed in a 
few microseconds and the duration of the pulse of current in the 
electromagnet extended over several milliseconds, it was possible 
to measure the efficiency of the EMAT at many different times during 
the magnet pulse by simply delaying the triggering of the ultrasonic 
system to various times after the initiation of the electromagnet 
pulse. 
The results of these experiments are shown in Fig. 4. The 
lower curve shows the output of the gaussmeter during a pulse of 
current in the electromagnet that rose to 100 amperes in approxi-
mately 2~ milliseconds and then decayed to 10 amperes in an addi-
tional 2~ milliseconds. The upper curve shows the output of an SV 
'" 
600 
'" > 
.5 
g, 400 
'" u 
c 
~ 200 
:; 
2.0 
.. 1.8 
.. 
! 1.6 
.., 1.4 
.. 
~ 
u 1.2 
.. 
c 1.0 
'" i! 
J.8 
~ 
~ 
c 0.6 .. 
'" c ~ 
... 0.4 
0.2 
Time [nsocl 
Fig. 4. Magnitude of the magnetic field tangential to a metal plate 
while a 5-millisecond long pulse of current is sent through 
an electromagnet. The top curve shows the amplitude of an 
ultrasonic wave generated at various times after the 
initiation of the current pulse. 
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wave EMAT operated at the times indicated by the circular data 
points after initiation of the pulse. The two maxima observed here 
correspond to the maximum in SV wave transduction efficiency that 
appears in Fig. 2 at about 300 gauss of tangential magnetic field. 
The first maximum appears as the magnetic flux being concentrated 
at the surface passes through 300 gauss. The second maximum 
corresponds to the passage of the field through 300 gauss as the 
piled up flux diffuses deeper into the metal surface after the 
maximum in the current has passed. Clearly, there is ample flux 
tangential to the surface to make even an SH wave EMAT operate with 
acceptable efficiency. 
The electromagnet used to obtain the results shown in Fig. 4 
was made from a choke coil with a laminated core. It weighed only 
700 grams and had 150 turns of No. 16 wire in its coil. To achieve 
the SV wave maximum, only one joule of energy had to be discharged 
through the coil. Three or four joules were necessary for obtaining 
acceptable amplitudes of SH waves. Therefore, it can be concluded 
that a small electromagnet driven by pulses of current could easily 
be mounted on a mechanical scanning device to give quite adequate 
magnetic field for SH wave inspection of a weld. 
FOCUSING EMATS 
One of the serious drawbacks to the angle beam method of in-
specting welds is the fact that beam spread causes a large part of 
the welded region to be illuminated. This not only reduces the 
sensitivity for finding small defects because the acoustic energy 
is dispersed but it also reduces the resolving power (i.e., the 
ability to accurately locate the position of the flaw). 
A meander coil EMAT can be designed to minimize the dispersion 
of the beam of ultrasonic waves it sends into a metal by locating 
the individual wires within the EMAT in such a way that they produce 
a curved wave front which converges to a focal point as it propagates 
away from the surface. Fig. 5 shows a cross section of such an EMAT 
designed to launch a wave at an angle ~ from the center of the 
meander coil. Each wire is shown as a small circle and is located 
by the coordinate Xn relative to the right hand edge of the EMAT. 
The value of Xn is chosen such that each wire is an integral number 
of half wave lengths from the curved wave front shown in the figure. 
It has been shown by Kogelnik 7 that a wave front of width 2 Wand 
curved to a radius R will focus to a minimum diameter of 2 Wo at a 
location Z in front of the wave front if the following relation is 
satisfied, 
(1 ) 
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Fig. 5. Cross section of a meander coil EMAT in which the wires 
are positioned to form a curved wave front which will 
focus toward a point under and to the side of the EMAT. 
Here A is the wave length of the sound wave involved. For a given 
weld geometry (see Fig. 1), it is possible to define Z, the angle ~, 
the effective aperature W, and a suitable wave length A. By speci-
fying, in addition, a desired degree of focusing (i.e., what fraction 
of W the focal point radius Wo is to be), it is possible to cal-
culate R from Equation 1. Once R is known, the values of A and D 
in Fig. 5 can be deduced and from them the locations of the wires 
can be calculated from 
(2) 
Several EMATs using Equations I and 2 were prepared by photo-
lithographic techniques and were tested by observing the distribu-
of acoustic energy over a surface oriented perpendicular to the line 
at an angle ~ relative to the EMAT normal. A definite focusing or 
localizing of the acoustic energy was observed at a focal distance 
of 5.2 cm when the predictions of Equations I and 2 would yield a 
value of 4.8 cm. 
RESULTS 
The objective of this effort was to demonstrate that EMATs can 
perform an angle beam inspection of a weld in a way that is analo-
gous to the piezoelectric transducer methods now being us ~d. This 
involves introducing high frequency ultrasonic waves at an angle 
to the surface and reflecting them into the welded region from the 
plane surface opposite to the transducer (as shown in Fig. 1). 
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Fig. 6. Results of using a focusing, angle beam EMAT to detect the 
corner of a steel plate (top oscilloscope trace photo) and 
a 1/16-inch diameter side drilled hole (bottom oscilloscope 
photo). A pulsed electromagnet exciting SH waves was used 
for these experiments. 
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Using Equations 1 and 2, a meander coil EMAT was designed to 
focus the ultrasonic waves inside a l~-inch thick steel block. A 
700-gram (l~ pound) pulsed electromagnet was used to apply a tan-
gential magnetic field of at least 700 gauss to this coil when it 
was excited by a 2 MHz tone burst. The results of a pulse-echo 
experiment on the 3.8-cm (1\ inch) plate of steel are shown in 
Fig. 6. At the top of this figure is shown a diagram of the posi-
tion of the EMAT (and pulsed electromagnet) relative to the corner 
of the plate and to a 1.6-mm (0.062 inch) diameter hole drilled into 
the side of the sample plate. The top photograph of an oscilloscope 
display shows the existence and appearance of the reflection from 
the corner of the plate. The echo has a long time duration because 
the angle beam EMAT was of considerable length (3.3 cm or 1.3 inch) 
and had many turns in its meander coil. For these experiments, the 
tangential magnetic field was supplied by a pulsed electromagnet 
whose physical size and electrical requirements can easily be 
achieved even in a production factory environment. The bottom 
oscilloscope photograph shows the echo received from the 4/64-inch 
side drilled hole when the EMAT was moved to a position 8.4 cm from 
the edge of the plate. It is clearly resolved from the noise and 
easily detected but it too is very extended in time duration so its 
ability to establish the exact location of the hole might be 
seriously impaired. These oscilloscope photographs demonstrate 
that angle beam EMATs using SH waves at 2 MHz can be used to find 
flaws in steel. 
Future experiments can improve upon these results by reducing 
the time duration of the ultrasonic signals returned by a reflector. 
This can be accomplished by subdividing the meander coils into small 
sections, each of which is excited at a different time so that the 
acoustic energy from each coil section arrives at the reflector at 
the same time. Likewise, each section of the EMAT can be connected 
to a delay line and then into a common receiver so that the signals 
reflected by a flaw will all reach the receiver at the same time and 
be in-phase. 
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